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This t h i r d  semiannual r e p o r t  descr ibes  the  progress  of t h e  work done 
on t h e  e l l i p somete i c  s t u d i e s  on t h e  growth of t h i n  oxide f i l m  on s i l i c o n  i n  
a i r .  
meter t h e  th ickness  of t h e  oxide f i l m s  grown i n  a i r  have been measured a t  
va r ious  angles  of inc idence ,  and by two d i f f e r e n t  methods an pol ished 
s i l i c o n  and germanium, on etched s i l i c o n  and on f r e s h l y  cleaved s i l i c o n  samples. 
The k i n e t i c s  of ox ida t ion  i n  a i r  of f r e s h l y  cleaved samples of s i l i c o n  has 
a l s o  been s tudied  f o r  a per iod of more than  20 days.  These s t u d i e s  i n d i c a t e  
t h a t  t h e  Elovich equat ion  can be used t o  desc r ibe  t h e  r a t e  of ox ida t ion  i n  
t h e  l a t e r  s t ages .  I n  t h e  e a r l i e r  s t ages ,  however, f u r t h e r  experimentat ion 
i s  necessary  before  we can come t o  a d e f i n i t e  conclusion.  
After a d e t a i l e d  c a l i b r a t i o n  of t h e  va r ious  components of t h e  e l l i p s o -  
Pre l iminary  measurements on t h e  th ickness  of t h e  oxide l a y e r  on s i l i c o n ,  
by a l lowing  t h e  l i g h t  t o  be inc iden t  on the  f i l m  from a l i q u i d  l i k e  t o l u o l ,  
confirm t h e  t h e o r e t i c a l  expec ta t ions  t h a t  t h e  s e n s i t i v i t y  t h a t  can be a t t a i n e d  
by t h i s  technique i s  much h igher  than  t h a t  of Archer and o the r s .  It must be 
mentioned, however, t h a t  t h e  technique s u f f e r s  from some experimental  d i f -  
f i c u l t i e s ,  bu t  t h e y  can be overcome. Theore t i ca l  computations i n d i c a t e  t h a t  
for angles  of incidence 4 
i s  n o t  a s  high,  a s  when do i s  s l i g h t l y  l e s s  t han  
g r e a t e r  than  the  c r i t i c a l  angle  6 
0 C’ 
t he  s e n s i t i v i t y  
. 
c 
Considerable progress  has a l s o  been made i n  t h e  ins t rumenta t ion  of t he  
v a r i o u s  accesso r i e s  t o  the  e l l ipsometer  - i n  p a r t i c u l a r  f o r  t h e  r ap id  
de te rmina t ion  of t h e  e l l ipsometer  readings  au tomat i ca l ly .  
1 
1. INTRODUCTION 
During t h e  per iod  J u l y  1, 1966 t o  November 30, 1966 s t u d i e s  on t h e  
k i n e t i c s  of ox ida t ion  of s i l i c o n  have continued i n  s e v e r a l  ways and t h e  f i r s t  
experimental  r e s u l t s  have begun t o  come ou t .  The th i ckness  of t h e  oxide 
f i l m s  grown n a t u r a l l y  a t  room temperature have been measured by two d i f f e r e n t  
methods on pol i shed  s i l i c o n  and germanium, on etched s i l i c o n  and on cleaved 
s i l i c o n .  Seve ra l  very  i n t e r e s t i n g  r e s u l t s  have been obta ined .  These measure- 
ments were c a r r i e d  out  a t ,  t h e  angles  of incidence of l i g h t  - 5 O ' ,  61.26' and 
70'.  
s tud ied  dur ing  a per iod of more than 20 days.  Pre  l iminary measurements have 
a l s o  been c a r r i e d  ou t  on a s i l i c o n  sample cleaved i n  a l i q u i d  ( t o l u o l ) .  
The k i n e t i c s  of ox ida t ion  of a s i l i c o n  sample cleaved i n  a i r  has  been 
Considerable  progress  has a l s o  been made i n  t h e  in s t rumen ta t ion  of the  
va r ious  accesso r i e s  t o  the  e l l i p somete r  - i n  p a r t i c u l a r  f o r  t h e  r a p i d  de te r -  
minat ion of t h e  e l l i p somete r  readings au tomat i ca l ly .  This  w i l l  be of immense 
h e l p  t o  fol low t h e  r a t e  of oxidat ion of f r e s h l y  cleaved s i l i c o n  samples i n  
t h e  i n i t i a l - t a k e - u p  reg ion .  During t h e  course of t h i s  work t h e  e l l i p somete r  
components had t o  be r e c a l l i b r a t e d  and checked f o r  c o r r e c t  o r i e n t a t i o n  by 
two techniques d i f f e r e n t  from that  mentioned i n  t h e  l a s t  r e p o r t .  For t h e  
sake of completeness and a l s o  s ince  one of t he  methods adopted has  been 
descr ibed  only i n  Eas t e rn  European L i t e r a t u r e ,  t hey  a r e  a l s o  included he re .  
On t h e  t h e o r e t i c a l  a spec t  of t h i s  p r o j e c t ,  t h e  case  when t h e  l i g h t  i s  
i n c i d e n t  fmm a denser  medium l i k e  a l i q u i d  on t o  t h e  su r face  of t h e  f i l m  - 
i n  o t h e r  words from a denser  t o  a r a r e r  medium - has been analyzed i n  d e t a i l  
f o r  t h e  case when t h e  angle  of incidence i s  g r e a t e r  t han  the  c r i t i c a l  angle ,  
making use of t he  theo ry  developed and r epor t ed  i n  t h e  l a s t  semiannual r e p o r t .  
I . 
2 
I .  
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2 .  INSTRUMENTATION 
It i s  w e l l  known t h a t  t h e  sur faces  of a f r e s h l y  cleaved s i l i c o n  su r face  
g e t  contaminated i n  a f r a c t i o n  of a second on exposure t o  t h e  room a i r .  I n  
f a c t  a s  Archer (I) has shown t h a t  even under a vacuum of 3 x 10-7m of Hg, 
a monolayer coverage of an  oxide l aye r  on a f r e s h l y  cleaved s i l i c o n  su r face  
t akes  l e s s  than  10 minutes.  Hence under these  circumst.ances i f  a knowledge 
of t h e  k i n e t i c s  of ox ida t ion  i n  the i n i t i a l  t a k e  up reg ion  i s  r equ i r ed ,  one 
should be ab le  t o  make t h i s  measurement cont inuously and a t  t he  same t ime,  
t h e  time taken f o r  one i n d i v i d u a l  measurement must be much l e s s  than  5 - 10 
seconds.  With t h i s  i n  mind, an  automatic h i g h  speed scanning cum record ing  
system has been des igned ,bu i l t  and incorpora ted  i n  the  e l l i p somete r .  
F ig .  1 shows a b lock  diagram of t h e  e n t i r e  experimental  se tup .  The 
l i g h t  source i s  a high i n t e n s i t y  Mercury a r c  employing a regula ted  dc power 
supply and a n  o p e r a t i o n a l  c o n t r o l  system t o  provide a cons tan t  output  in= 
t e n s i t y .  The l i g h t  f r o m t h e  lamp passes  through a monochromater o r  a s e r i e s  
of f i l t e r s  t o  provide t h e  c o r r e c t  monochromatic wavelength. The chopper i s  
t h e  mechanical type t o  provide an i n t e r r u p t e d  output, frequency of 104 cps.  
The chopper has a b u i l t - i n  ' re fe rence  v o l t a g e '  and t h i s  s i g n a l  i s  fed  i n t o  
t h e  re ference  input  of t h e  Lock-in Ampl i f ie r .  The l i g h t  beam e n t e r s  t he  
e l l i p somete r  and i s  polar ized  by the  P o l a r i z i n g  n i c o l .  The p o l a r i z e r  i s  
a t t a c h e d  t o  a l a r g e  worm gear  which i s  dr iven  by a synchronous motor through 
a v a r i a b l e  speed r a t i o  con t ro l .  The worm gear  r a t i o  was  so  chosen t h a t  one 
r e v o l u t i o n  of t h e  worm e x a c t l y  r o t a t e s  t h e  p o l a r i z e r  through 1". The s h a f t  
on which t h e  d r i v i n g  worm i s  mounted has  a p h o t o c e l l  r evo lu t ion  counter  
which i s  connected t o  the  motor d r i v e  con t ro l .  The pho toce l l  output  i s  put  
th rough a pu lse  shaper t o  provide a marking pulse  f o r  t h e  c h a r t  recorder  and 







a t  t h e  same time a c c t u a t e  a r e l a y  count ing network. The motor d r i v e  c o n t r o l  
thplough t h e  r e l a y  counting network provides  a sweeping c o n t r o l  by r o t a t i n g  
the  p o l a r i z e r  a se t  number OIR degrees ,  aga in  r eve r ses  t h e  d i r e c t i o n  and 
cont inues t h e  opera t ion .  The speed of t h e  motor and t h e  v a r i a b l e  speed 
c o n t r o l  a r e  so  s e l e c t e d  t h a t  t h e  p o l a r i z e r  w i l l  be d r iven  a t  a r a t e  of 1° / sec .  
Since t h e  c h a r t  r eco rde r  has  a c h a r t  speed of l " / s ec ,  t h i s  combination pro- 
vides an  output  reading  1°/c" see .  
reading accuracy of k0.02". 
c h a r t  a r e  d i r e c t l y  c o r r e l a t e d  t o  t h e  number of degrees  of  r o t a t i o n  of the  
p o l a r i z e r  w i th  t h e  d i s t a n c e  betwean two consecut ive marks e q u a l l i n g  1" or  
1" of r o t a t i o n .  Detec t ion  of the  output  l i g h t  from t h e  e l l i p somete r  i s  
done by a photomul t ip l ie r  tube  cooled t o  l i q u i d  n t t rogen  temperature  t o  
reduce noise .  The photomul t ip l ie r  provides  t h e  inpu t  s i g n a l  f o r  t he  Lock- 
i n  Ampl i f ie r  and t h e  output  from t h e  Lock-in Ampl i f ie r  i s  then  f e d  t o  the  
c h a r t  r eco rde r .  
The uhar t  paper graduat ions  enables  a 
The marker pulses  which a r e  p r i n t e d  on t h e  
Curren t ly  t h i s  automatic  scanning system i s  undergoing f i n a l  t e s t i n g  
a f t e r  assembly. 
3. EXPERIMENTAL 
- A: The p r e c i s i o n  c a l l i b r a t i o n  of t h e  d i f f e r e n t  e l l9psometer  components 
namely t h e  p o l a r i z e r ,  ana lyzer  and t h e  quar te r  wave p l a t e ,  w a s  c a r r i e d  out  
a s  fol lows:  
(i) Monochromatic l i g h t  l i n e a r l y  po la r i zed  by t h e  p o l a r i z e r  was allowed 
t o  be i n c i d e n t  on a v i t r e o u s  s i l i c a  p l a t e  a t  t h e  angle  of inc idence  equal  
t o  t h e  Brewster angle  ((dB = 55'40 f o r  1546d). A mercury a r c  wi th  an  appropr i a t e  
i n t e r f e r e n c e  f i l t e r  i s o l a t i n g  x546i usas <used a s  t h e  l i g h t  source.  
v i t r e o u s  s i l i c a  behaves l i k e  a nonabsorbing d i e l e c t r i c  m a t e r i a l  a t  t h i s  
wavelength,  t h e  i n t e n s i t y  of the r e f l e c t e d  i i g h t  w i t h  the c o q o n c z t  p a r a l l e l  
Since the  
4 
5 
t o  t h e  plane of incidence i s  zero ,  provided t h e  l i g h t  i s  i n c i d e n t  a t  t h e  
Brewster ' s  ang le .  
that, a t h i n  su r face  fi lm i s  usua l ly  present  on each ma te r i a l  preserved a t  
There might be a s l i g h t  complicat ion due t o  t h e  f a c t  
room temperature i n  normal atmosphere. But w i th  s i l i c a  t h e  s i t u a t i o n  i s  ra t ,her  
good from t h i s  po in t  of view because,  the  th i ckness  of t h e  su r face  f i l m  
a n v i t r e c u s  s i l i c a  i s  u s u a l l y  extremely low and thus  it seems t o  be a s u i t a b l e  
m a t e r i a l  f o r  our purposes .  It i s  r a t h e r  easy  t o  f i n d  t h e  p o s i t i o n  of abso lu t e  
minimum of l i g h t  by ro t a t t r i g  t h e  p o l a r i z e r .  This  va lue  f i x e s  t h e  p o s i t i o n  of 
p o l a r i z e r .  During t h i s  c a l i b r a t i o n  of t h e  polar i -zer ,  the  ana lyzer  and the  
q u a r t e r  wave p l a t e  were removed from the  e l l i p somete r .  I n i t t a l l y  t h e  ca l ib ra -  
t i o n  was  performed wi th  t h e  naked eye.  A f t e r  e s t a b l i s h i n g  t h e  p o s i t i o n  of 
p o l a r i z e r  approximately t h e  po la r i z ing  n i c o l  i s  ad jus t ed  in  its graduated 
c i r c l e  such t h a t  when t h e  plane of t h e  polar ized  l i g h t  i s  p a r a l l e l  to t h e  plane 
of incidence t h e  reading  on the  c i r c l e  of p o l a r i z e r  corresponds t o  0". The 
f i n a l  adjustments  were c a r r i e d  out wi th  t h e  h e l p  of the  p h o t o e l e c t r i c  system 
descr ibed  i n  t h e  e a r l i e r  r e p o r t .  Usj-ng t h e  same arrangement t h e  p o s i t i o n  of 
t he  p o l a r i z e r  is e s t a b l i s h e d .  The r e s u l t s  of t h i s  measurement i s  presented 
II Table L t c  show t h e  accuracy of t he  adjustments .  
Table I 
wl A -  
1 359.95 0.058 5 *  -- - * 
n n- 12 2 90 008 3 85 0 042 
032 where n i s  t h e  !:umber of measurements 4 86 90 008 5 
6 y'4 048 
'7 89 002 
8 90 Or38 
10 13 8 012 
3598.92 0.130 0.150 
nl 
9 85 042 
6 
* 
It i s  seen t h a t  t h e  accuracy of t h e  s e t t i n g  of t h e  p o s i t i o n  of t he  
p o l a r i z e r  seems t o  be q u i t e  reasonable .  
A f t e r  t hus  e s t a b l i s h i n g  t h e  pos i t i on  of t he  p o l a r i z e r ,  t h e  ana lyzer  was  
put  back i n t o  i t s  own p lace  i n  t h e  e l l i p somete r .  Keeping t h e  p o s i t i o n  of t h e  
p o l a r i z e r  f i x e d ,  t h e  ana lyz ing  n i c o l  w a s  ad jus t ed  t o  be i n  t h e  "crossed" 
p o s i t i o n  wi th  r e s p e c t  t o  t he  p o l a r i z e r  and t h e  graduated c i r c l e  of t he  
ana lyzer  was then  s u i t a b l y  f i x e d .  The fo l lowing  t a b l e  g ives  t h e  r e s u l t s  
of t he  checking of t h e  f i n a l  s e t t i n g  of t h e  ana lyzer .  
Table I1 
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1799.87 0.065 0.065 
A 2 (179.98~ k 0.005)" or A = (179.99 f 0.01)' 
The accuracy of t he  analyzer  adjustment  i s  b e t t e r  t han  i n  t h e  case of 
P d a r i z e r ,  t h u s  i n d i c a t i n g  t h a t  t h e  r e l a t i v e  p o s i t i o n  of crossed p o l a r i z e r  and 
ana lyze r  may b e  determined more p r e c i s e l y  than  t h e i r  abso lu t e  pos i t i ons  wi th  
r e s p e c t  t o  t he  plane of incidence.  
L a s t l y  the  s e t t i n g  oT quarter-wave p l a t e  W B S  fixed a s  fol lows.  The 
p o l a r i z e r  and t h e  ana lyzer  were f i r s t  ad jus ted  t o  be i n  t h e  crossed pos i t i on .  
When t h e  quarter-wave p l a t e  w a s  introduced i n  t h e  o p t i c a l  pa th ,  i n  gene ra l  
t h e r e  w i l l  be a r e s t o r a t i o n  of l i g h t  i n t e n s i t y ,  un le s s  one of t h e  axes  of 
7 
b 
quarter -.wave p l a t e  ( e i t h e r  ' ' f a s t e r "  o r  "slower") coincides  wi th  e i t h e r  t h e  
plane of p o l a r i z a t i o n  of t he  po la r i ze r  or  of t h e  ana lyzer .  Hence t h e  s e t t i n g  
of t h e  quarter-wave p l a t e  w a s  ad jus ted  and f ixed  i n  such a way t o  y i e l d  minimum 
i n t e n s i t y  of l i g h t  t ransmi t ted  by the  o p t i c a l  t r a i n .  
The t y p i c a l  r e s u l t s  of t he  checking measurements a r e  given i n  Table 111. 
Table I11 
Q at A -  Q & A- 
~ 
1 168,80 0,003 78-80 0.003 
2 80 003 80 003 
3 80 003 80 003 
4 80 003 82 0.017 
6 348.82 258.80 003 
8 81 80 003 
9 80 003 007 81 . 007 
5 80 003 80 003 
7 80 003 0,017 80 003 
10 80 003 80 003 
8,03 0,024 0,024 8,03 0,024 0,024 
Q = (78,803 -C 0.002)Lo or Q = (78,80 * 0,Ol)" + n.90" (n = l,2,3) 
The accuracy of t he  adjustment of t he  quater-wave p l a t e  (Q) i s  p r e t t y  
good, i n  fact;  much b e t t e r  than  i n  t h e  case of ana lyzer .  
(ti) The second method f o r  the  ( , c a l i b r a t i o n  of t he  s e t t i n g s  of t he  
p o l a r i z e r  and the  ana lyzer  has been descr ibed by Vasicek(2) which w a s  o r ig in-  
a l l y  developed by Z a h r e d n i ~ e k ' ~ ) .  
t h i s  type of c a l i b r a t i o n .  A Nakamura double-plate  i s  s i t u a t e d  j u s t  i n  f r o n t  
The half-shade method i s  u s u a l l y  used i n  
of t h e  ana lyzer  and a Ramsden's eye-piece connected with the  ob jec t ive  i n  
t h e  f o c a l  plane of t h e  ob jec t ive  o r  t h e  te lescope  i s  used. 
2.  Vasicek, A .  
Rublishing House of the Czechoslovakian Academy of Sciences,  Prague 1957, 
p.  26. 
Zahradnicek, J . ,  Casopis pro pestovani  matemt iky  a fyz iky ,  54,354 (1925) 
Mereni a y t r a r e n i  tenkych v r s t e v  v op t i ce  ( i n  Czech) 
3 .  - 
8 
The f i r s t  o r i e n t a t i o n  measurement i s  performed i n  such a way t h a t  f o r  
two d i f f e r e n t  ang le s  of incidence one g r e a t e r  and one smal le r  t h a n  t h e  
Brewster angle  (dB of t h e  m a t e r i a l  ( u s u a l l y  g l a s s  p l a t e )  s i t u a t e d  on t h e  t a b l e  
of t h e  e l l i p somete r  , t h e  p o s i t i o n  of t h e  p o l a r i z e r  i s  changed i n  s t e p s  of 
l o "  from 0" t o  360" and correspondingly t h e  minimum p o s i t i o n  of t h e  p o s i t i o n  
of t h e  ana lyzer  i s  determined wi th  the  h e l p  of t he  half-shade. 
of t h e  measurements a r e  then  p l o t t e d  i n  a f i g u r e  and t h e  cross-over po in t  
corresponds t o  t h e  r i g h t  p o s i t i o n s  of t h e  p o l a r i z e r  and t h e  ana lyzer .  But a 
de te rmina t ion  l i k e  t h i s  i s  u s u a l l y  r a t h e r  rough and t h e r e f o r e  f o r  a more 
a c c u r a t e  f i n a l  de te rmina t ion  the  fol lowing procedure i s  adopted. For s e v e r a l  
( a t  l e a s t  t h r e e )  ang le s  of p o l a r i z e r  near  i t s  roughly determined p o s i t i o n  
t h e  above method i s  repeat*ed a t  s e v e r a l  angles  of incidence (both  smal le r  and 
g r e a t e r  than  Brewster ang le ) .  
p l o t t e d  i n  a f i g u r e  and t h e  exac t  p o s i t i o n s  of both p o l a r i z e r  and ana lyzer  i s  
determined from t h i s  f i g u r e .  
The r e s u l t s  
The r e s u l t s  of the  measurements a r e  a g a i n  
Because i n  our  case  we have known approximately t h e  r i g h t  p o s i t i o n s  of 
the p o l a r i z e r  and t h e  ana lyzer  we have used only t h i s  second p a r t  of t h i s  
method f o r  t h r e e  d i f f e r e n t  pos-ftions of p o l a r i z e r  (179", 180°, 181") a t  
f ive  angle  of incidence (45",  TO",  75", 80",  85") .  The r e s u l t s  of our  measure- 
ments a r e  g iven  i n  t h e  F igure  2.  The r e s u l t s  of t h i s  de te rmina t ion  a r e  given 
t o g e t h e r  w i th  t h e  r e s u l t s  obtained by means of t h e  method descr ibed  previous ly  
i n  t h e  Table l v .  
Table IV 
The r e s u l t s  of t he  adjustment of t h e  fundamental p o s i t i o n s  of t h e  p o l a r i z e r  
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These fundamental p o s i t i o n s  for both t h e  p o l a r i z e r  and t h e  ana lyzer  
correspond t o  t h e  p o l a r i z i n g  plane p a r a l l e l  w i t h  t h e  plane of t h e  incidence 
of l i g h t .  The accuracy i s  approximately 0.01" f o r  all p o s i t i o n s .  It i s  
ev ident  t h a t  t h e  agreement between t h e  resul ts  obtained from bo th  these 
methods i s  almost complete. 
The f i r s t  method (i) i s  more simple but  sometimes it could f a i l  o r  does 
not  g ive  q u i t e  p r e c i s e  r e s u l t s  due t o  poss ib l e  ex i s t ence  of n a t u r a l l y  grown 
su r face  f i l m s  on the  d i e l e c t r i c  used ( g l a s s  p l a t e ,  v i t r e o u s  s i l i c a ) ,  whereas 
t h e  second method ( i i )  i s  a l i t t l e  more complicated bu t  it seems t o  be more 
r e l i a b l e .  
B: To veri.fy t h e  r e l i a b i l i t y  of t he  method which w i l l  be used i n  - 
f u t u r e  measurements, namely the method developed by Archer") and which 
was descr ibed  i n  t h e  l a s t  r e p o r t  (52 sarrangement P 0-360 Q 45 S A  0-360 
we s h a l l  denote  it by ( a ) l  we have used a method which i s  r a t h e r  d i f f e r e n t  
from t h i s  one and which i s  a r a t h e r  s p e c i a l  arrangement of t h e  m e t h d  
descr ibed  i n  t h e  l a s t  report(6)as  arrangement P 45 'O-j60 Ao-g603 we 
shall denoteit;bjr(b)]. 
and a method descr ibed  by Vas icek(2) .  
I n  the case ( b )  we have used t h e  half-shade technique 
I n  t h i s  arrangement t h i s  method may 
be used wi th  s u f f i c i e n t l y  h igh  accuracy f o r  t he  angles  up t o  8" ( f o r  higher  
a n g l e s  t h e  accuracy i s  not  so high but  t he  r e s u l t s  a r e  s t i l l  reasonable  up 
t o  Yof about 1 5 " ) .  
p o l a r i z e r  i s  f i x e 6  ~t a n  angle  of 45" t o  the  plane of incidence;  (ii) the  
The method of t h e  measurement i s  a s  fo l lows  (i) the  
4 .  
5 .  
Archer ,  R .  J. ,  J. Electrochem. SOC. - 104, 619, (1957.). 
Second semiannual Report on Research on "The Mechanism and Kine t i c s  of 
Oxidat ion of S i l i c o n  i n  A i r "  NASA Grant No. NGR-39-009-042, June 20,  1966 
p. 12 .  
6.  i b i d . ,  p. 7. 
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analyzer  i s  ad jus t ed  wi th  t h e  h e l p  of t h e  half-shade till a minimum i s  
obtained - A1; (iii) t h e m r t e r - w a v e  p l a t e  is  introduced i n  such a way t h a t  
t h e  f a s t  d i r e c t i o n  of t h e  compensator i s  p a r a l l e l  t o  A1; ( iv)  t h e  ana lyzer  
i s  ad jus t ed  aga in  wi th  t h e  h e l p  of t h e  half-shade, t o  a new minimum posi t ion- .  
A 2 .  
po l a r i zed  l i g h t  
t h e  s i l i c o n  sample wi th  a n  oxide f i lm ,  may be determined fran t h e  measured 
va lues  i n  t h e  i d e a l  case  i n  t h e  fol lowing way: 
Then t h e  angles  which determine t h e  parameters of t h e  e l l i p t i c ' a l l y  
obtained on r e f l e c t i o n  of t he  l i n e a r l y  po la r i zed  l i g h t  from 
Y = (A2 - A,) (1) 
1 X = A  
Usual ly  we do not  succeed i n  t h e  s e t t i n g  up t h e  p o s i t i o n s  of A1 and A 2  q u i t e  
e x a c t l y  because of t h e  inh2r ren t  inaccurac ies  of t h e  measurement and due t o  
t h e  f a c t  t h a t  u s u a l l y  we do not  s e t  up t h e  sur face  of t h e  specimen e x a c t l y  
pe rpend icu la r ly  t o  t h e  plane of incidence.  I n  t h i s  case a c o r r e c t i o n  i n  
t h e  de te rmina t ion  of t he  angle  X i s  necessary according t o  the  scheme g iven  
i n  t.he Table V where a t y p i c a l  r e s u l t  of measurement i s  presented f o r  po l i shed  
germanium w i t h  (111) o r i e n t a t i o n ,  cp = 5R-cm, p t y p e ] .  
Table V 
Typ ica l  Resu l t  of t h e  measurement. of t he  angles  ?/ and X f o r  po l i shed  Ge 
a t  t h e  ang le  of incidence = 50" by t h e  method ( b )  
Q A 2  (A2-A1) 
-leg+( ,45 $. A 135\ -180 + 179.75 p A ,  I 
450 143.79 45.65 148.07 4.88 6 = = 0.12" 1 1 ' -   2 2 135.65 138.20 5.01 
1-35' 36.56 119.02 31.07 5.49 
29.02 41.70 5.14 X = A P 5 -  = 36.56"+0.12" = 36.68" 
The d i f f e r e n c e s  between t h e  va lues  Y a r e  r a t h e r  high and a r e  due t h e  
r easons  mentioned above. Nevertheless  t h e  accuracy of t h e  r e s u l t  i s  q u i k  
12 
reasonable .  For t h e  case given i n  Table V w e  g e t  Y = (5.13 f 0.13)". 
Simi la r  measurements were performed on po l i shed ,  etched and cleaved 
s i l i c o n  samples. All t h e  s i l i c o n  samples were of (1.11) o r i e n t a t i o n  bu t  
of unknown p u r i t y  and type ,  though g e n e r a l l y  t h e  p u r i t y  of t h e  s i l i c o n  
specimens w a s  r a t h e r  h igh .  The same specimens were measured w i t h  t h e  
method ( a ) ,  a s  w e l l .  The t y p i c a l  r e s u l t s  of t hese  measurements a r e  given 
i n  Table V I  where a l l  poss ib l e  combinations of t h e  p o l a r i z e r  and ana lyzer  
p o s i t i o n  were used t o  demonstrate t h e  accuracy of t he  measurement. 
Table V I  
Typica l  r e s u l t s  of  t h e  measurement of angles  A and f o r  po l i shed  Ge 





































We g e t  t h e  fo l lowing  r e s u l t s :  P = (36.59 0.25)', A 'z (36.55 0.21)' 
Due t o  t.he r e l a t i o n s  (Vide r e f .  (5) p. 12) 
n = 90' + 2~ 
$ = +A 
w e  g e t  
A = (163.18 * 0.50)" 
$ = (36.51 k 0.21)' 
I n  Table V I 1  a r e  compiled t h e  r e s u l t s  of t he  measurements of t h e  angles  
A and $ b y  both methods ( a )  and ( b )  f o r  s e v e r a l  samples of s i l i c o n  and ger- 
manium w i t h  d i f f e r e n t  sur face  t rea tmeni .  
Tab le  V I 1  
Angles A and 4 determined by the methods (a) and (b) f o r  polished 
germanium and for polished,  etched and  cleaved s i l i c o n  determined from the  
measurements a t  the  angles of incidence 5O", 61.26" and 70". 
Surface 
M a t e r i a l  Treatment PI( " )  
G e  polished 
Si -1  polished 
Si-2 polis hed 
S i  etched 
S i  cleaved 
S i  etehed 
S i  etched 










































Ar~her(~ 'ex t rapo1ated  for  
A r ~ h e r ( ~ ' e x t r a p 0 1 a t e d  for 
clean surface 
clean surf ace . 
Before beginning the discussion of the d a t a  given i n  the Tab le  V I 1  
it would be worthwhile t o  consider  the  various causes for the  observed 
discrepancies. The possible  sources of the differences i n  the measured 
values  of the angles A and $$ and hence r/ and x are:  
1) Ins t r~~??e r? t s l  errccs i n  t h e  measurement - it i s  impossible t o  avoid it 
completely. It i s  only poss ib le  t o  lower it e i the r  by using the photo- 
m u l t i p l i e r  or i n  the case t h a t  we measure only wi th  eye t o  use the h ighes t  
possible l i g h t  i n t e n s i t y  and t o  repeat the measurements several  t imes.  
7 .  Archer, R .  J., J .  Opt. SOC. A m e r . ,  52, 979 (1962). -
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2) The improper adjustment of t he  p o l a r i z e r  and ana lyzer  and qmrter-wave 
p l a t e :  
s i b l e  t o  a d j u s t  t he  ana lyzer  perpendicular ly  t o  t h e  p o l a r i z e r .  
s i b l e  s t i l l  more p r e c i s e l y  t o  ad jus t  t h e  p o s i t i o n  ofquarter-wave p l a t e  wi th  
r e s p e c t  t o  the  p o l a r i z e r  and analyzer .  
i n  t h e  s e t t i n g  of t h e  p o l a r i z e r .  
a t i c  d i f f e r e n c e  i n  t h e  measured value of t h e  ang le s  A and $ or Y and x due 
t o  the  poor adjustment of t he  p o l a r i z e r  by t h e  measurement a t  symmetric 
p o s i t i o n s  of P wi th  r e s p e c t  t o  the  plane perpendicular  t o  the  plane of 
incidence;  i n  o the r  words by measuring a t  t he  p o s i t i c n s  Q1 = 45" and 
Q2 = 135" i n  the  method ( a ) ;  and fo r  the  p o s i t i o n s  P 
i n  the  method ( b ) .  
3 )  The su r face  of t h e  sample may not  be e x a c t l y  perpendicular  t o  t h e  plane 
of incidence.  This e r r o r  i s  impossible t o  exclude i n  our way of measurement 
i n  any o the r  way than  by t h e  b e s t  poss ib l e  adjustment .  
t,o do f o r  t he  etched or cleaved samples s i n c e  t h e i r  su r f aces  a r e  u s u a l l y  not  
mi r ro r - l i ke .  One normally observes t h e  image of t h e  pinhole corresponding 
t o  t h e  en t rance  s l i t  of t h e  co l l imator  i n  the  eye-piece. But t h i s  image 
i s  q s u a l l y  not t o o  sharp  due t o  the  r e f l e c t t o n  on the  not q u i t e  f l a t  su r f ace  
of the  sample (cleaved or  etched) and a l s o  i t s  i n t e n s i t y  i s  r a t h e r  low when 
the ape r tu re  of t h e  i r i s  diaphragms of t h e  co l l ima to r  and te lescope  a r e  s m a l l .  
It i s  r a t h e r  d i f f i c u l t  t o  es t imate  the  exac t  magnitude of t h i s  d i f f e r e n c e  
but  it is bel ieved t h a t  it. will not  be too  high.  A t  l e a s t  our  experiences 
l e a d  t o  the  conclusion t h a t  i n  t h i s  case the  e r r o r s  a r e  wi th in  the  l i m i t s  
of accuracy of our measurements. 
4) The sample may not  be exac t ly  i n  the  c e n t e r  of t h e  t a b l e  of t he  e l l i p s o -  
meter  ( s ee  F ig .  3 ) .  
A s  we have shown previously it is  r a t h e r  e a s i l y  and p r e c i s e l y  pos- 
It i s  pos- 
The g r e a t e s t  poss ib le  e r r o r  may be 
But i t  i s  poss ib l e  t o  exclude the  system- 
= 45" and P, = 135" 1 L 
This  i s  not  s o  easy 




of the  su r face  of t h e  sample from t h e  c e n t e r  of t h e  t a b l e ,  
between t h e  c e n t e r  of t h e  t a b l e  and t h e  ob jec t tve  of t h e  t e l e scope  #, 4' 
t he  angles  of incidence i n  t h e  case when the  sample i s ,  and i s  not  i n  t h e  
c e n t e r  of t a b l e  of t h e  e l l i p somete r .  
f r m  t h e  f i g u r e .  
b t h e  d i s t a n c e  
The meaning of o t h e r  symbols i s  c l e a r  
It can be deduced from simple t r igonometr ic  theorems t h a t ,  
Let  u s  choose t h e  fo l lowing  t y p i c a l  values:  
QI = 7 O o , h x  = lmm, 8 = 2OOmm. 
duces an  e r r o r  i n  # f o r  s i l i c o n  i n  the  reg ion  of ang le  of incidence 60-70", 
of approximately ( 0 . 2 7 " ~  2.3  ) = 0.35" .  
e r r o r  i s  about 0.18" which exceeds the  e r r o r  -Ln these  measurements. It 
seems t h a t  t h i s  wrror i s  most s i g n i f i c a n t  mainly f o r  cleaved su r faces  and 
dur ing  t h e  measurement under a l i q u i d , a s  w i l l  be descr ibed  below. 
Then we g e t  L$ = 16' = 0.27". This  i n t r o -  
Even i f  w e  SupposeAx = O.5m t h e  
S i m i l a r l y  f o r  A we g e t  a change of A = 1.10" corresponding t o  a 
change i n  
change i n  A i s  about 8% f o r  t h e  
t h e  t y p i c a l  case considered above, we ge t  a change of about 2% i n  A due t o  
t h e  above mentioned poss ib l e  e r r o r  i n  6 of about 0.27". 
(id = 1" near  4 = 70" f o r  A = 13". I n  o the r  words, t he  r e l a t i v e  
change ti 6 = 1" near  (d = 70" .  Thus i n  
There a r e  s e v e r a l  i n t e r e s t i n g  f e a t u r e s  of t h e  r e s u l t s  given i n  
Table VII. 
ang les  A and $ wi th in  the  accuracy l i m i t s  of t h e  measurements f o r  both the  
methods; 
for  the  cleaved,  po l i shed  and etched s i l i c o n  samples f o r  t h e  same ang les  of 
6 . 
and etched samples of germanium. This  d i f f e r e n c e  cannot be explained by the  
presence  of t h e  oxide ( su r face )  f i l m s  a lone  i n  s p i t e  of f a c t  t h a t  t h e  cor- 
(1) There i s  complete agreement between t h e  r e s u l t s  f o r  boxh 
(2) There i s  a remarkable d i f f e r e n c e  between t h e  va lues  of 
A s i m i l a r  d i f f e r e n c e  i s  a l s o  not iced  between t h e  va lues  of \c1 f o r  pol ished 
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responding d i f f e r e n c e s  l i e  i n  t h e  r i g h t  d i r e c t i o n  ( see  Appendix 11, r e f  2; 
because  i t  i s t oo  high.  It i s  ev identhy  connected wi th  t h e  d i f f e r e n c e  
i n  the na tu re  of t h e  su r face  f i l m  of the  etched samples. 
C:  The t i m e  dependence of t h e  growth of su r face  oxide f i l m  on cleaved 
s i l i c o n  su r face  i n  a i r  a t  room temperature has been s tud ied .  Nei ther  
t h e  temperature nor the  humidity were e s p e c i a l l y  con t ro l l ed  i n  t h e  present  
measurements. 
- 
The medium temperature has been T = 22°C and t h e  humidity 
3%. 
The specimen l w a s  cleaved i n  t h e  arrangement descr ibed  by Gobeli and 
Allen'" ( s e e  a l s o  r e f .  5 ,  p .  4) and a l l i g n e d  a s  f a r  a s  poss ib l e  on the  t a b l e  
of t h e  e l l i p s o m e t e r ,  
measurement i n  a s p e c i a l  arrangement. 
dur ing  t h e  f i r s t  hour of t he  measurement) a t  t h e  p o s i t i o n  deduced both 
from our own previous 
which i s  determined d i r e c t l y  by the  ana lyze r  p o s i t i o n  ( v i d e .  r e f .  5 ) .  
The method ( a )  Po 360 45  w a s  used i n  t h e  - ' A0-360 
The ana lyzer  w a s  f i x e d  ( a t  l e a s t  
measurements and from A r c h e r ' s  va lues  of t h e  ang le  
It 
i s  poss ib l e  t o  use t h i s  arrangement s i n c e  t h e  angle  4 depends only  s l i g h t l y  
on t h e  oxide f i l m  th ickness  for f i lms  t h i n r e r  than  about 2 9  . 
Appendix 11, d = 2 9  corresponds approximately t o  
change of 
I n  f a c t  even f o r  t h e  case whenA i s  ad jus ted  no t  q u i t e  p rec i se ly ,  i t  has 
( v i d e .  r e f . 9  
= 2 and corresponding 
i s  0.10" f o r  t h e  index of r e f r a c t i o n  of oxide f i l m  n = 1.460). 1 
on ly  smal l  in f luence  on the  p rec i se  va lue  of t h e  angle  A. I n  t h e  technique 
j u s t  descr ibed ,  i t  i s  most, liiiportant t 3  f n l l o v  t h e  change of the  f i l m  
t h i c k n e s s ,  hence che change of t he  angle  A ( o r  P i n  f a c t )  during t h e  measure- 
ments.  Even though t h e  pos i t i on  of t h e  ana lyzer  would not  be q u i t e  c o r r e c t  
one can g e t  t he  r i g h t  dependence of t he  oxide film th ickness  - vs t ime.  Only 
8 .  
9.  
Gobel i ,  G ,  W .  and F. A .  Al lz r : ,  J, P h p ,  Chem. S o l i d s  - 14: (1960), 23.  
F i r s t  SemSnnual  r e p o r t  on r e sea rch  on "The Mechanism and Kine t i c s  of 
Oxidat ion of S i l i c o n  i n  A i r " .  NASA Grant No. NGR-39-009-042, Dec. 20, 1965. 
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a s l i g h t  d i f f e r e n c e  i n  t h e  absolu te  va lue  of oxide f i l m  t h i ckness  can 
occur i n  such a ca se .  
Our measurements were performed a t  an angle  of incidence 6 = 70" wi th  
t h e  eye .  The t y p i c a l  mean e r r o r  i n  t h e  measurement deduced from t e n  measure- 
ments w a s  6P = + O . l O o  implying 6A = 40.20".  The mean e r r o r  i n  t h e  measure- 
ment w a s  determined according t o  t h e  formula 
where - n i s  t h e  number of measurements, AF+ (AF-) 
d i f f e rence  of t he  measured va lue  of t he  angle  PfYom t h e  average va lue  P 
i s  t h e  p o s i t i v e  (nega t ive)  
deduced from n measurements. 
t han  t h a t  r epor t ed  by Archer (4' who g ives  
The accuracy of our r e s u l t s  i s  much lower 
-= 0.04". The main reason 
f o r  t h i s  d i f f e r e n c e  i s  i n  t h e  f a c t  t h a t  i n  o u r  case  t h e  s u r f a c e  of t h e  cleaved 
specimen u s e f u l  f o r  t h e  measurements has been approximately 1-2mm2 and there-  
f o r e  t h e  i n t e n s i t y  of r e f l e c t e d  l i g h t  has been extremely low. Fur the r  i n  our 
experiments some unavoidable spurious r e f i e c t i o n s  from another  p a r t  of t he  
c r y s t a l  was a l s o  p re sen t .  It i s  q u i t e  poss ib l e  t h a t  t he  o p t i c a l  p r o p e r t i e s  
of  t h e s e  two r eg ions  a r e  not  the  same. Nevertheless  t h e  F ig .  4 shows t h a t  
ou r  r e s u l t s  may be expressed with s u f f i c i e n t  accuracy by the  formula 
L := a + b I n  (t - t o )  
which i s  e s s e n t i a l l y  t h e  same a s  Archer has observed f o r  t h e  oxida t ion  of 
e tched  s i l i c o n  on a i r .  We have measured h e  Sam? depcndence f o r  another  
c leaved sample a s  w e l l .  The r e s u l t s  of tohe measurements f o r  t h e  specimen 2 
a r e  a l s o  presented  i n  F i g .  4. These measurements were performed by both 
methcds ( a )  and (b)  a t  t h e  angles  of incidence dl = 61.26" and @2 = 70" .  
I, ~ is ---- ucCll t h z t  s l l  the resu l t s  of t h e  measurements l i e  on the  same l i n e  
w i t h i n  t h e  accuracy l i m i t s  o f  t he  measurement. 
Figure 4 
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There a r e  s e v e r a l  remarkable though not  e s s e n t i a l  d i f f e r e n c e s  between 
a l l  t h e  r e s u l t s  a s  seen i n  t h e  Fig.  4 .  
The oxide f i l m  growth r a t e  i s  found t o  be i n  t h e  whole reg ion  of measured 
time i n t e r v a l  and f i lm th i ckness  simple semilogari thmic f o r  both t h e  specimens 
wi th  t h e  oxida t ion  r a t e  of 7.$/dec f o r  t he  f i r s t  one and 6.4j /dec f o r  t h e  
second. Archer ' s measured r a t e  i s  s l i g h t l y  more complicated, w i th  a. much 
slower oxida t ion  r a t e  a t  t he  i n i t i a l  s t age  and wi th  an  oxida t ion  r a t e  of 
6.8Oi/dec. a t  a l a t e r  s t age  which i s  about 14% lower than  our own va lue  
f o r  t h e  f i r s t  specimen b u t  of about 6% higher  than  f o r  the  second one. 
poss ib l e  explana t ion  of t hese  d i f f e rences  w i l l  be d iscussed  l a t e r .  
The 
D: A s  w a s  d i scussed  i n  d e t a i l  i n  t he  l a s t  r e p o r t  (Vide. r e f .  5 ,  p.  15 e t  seq) 
t hus  f a r  a l l  t h e  t h e o r e t i c a l  and experimental  i n v e s t i g a t i o n s  have been c a r r i e d  
ouk only  f o r  t h e  case  when t h e  l i g h t  i s  i n c i d e n t  from a i r  on t o  t h e  f i l m  i . e .  
from a r a r e r  on t b  a densermedium. It w a s  a l s o  shown t h e r e  t h e o r e t i c a l l y  
t h a t  by a l lowing  the  l igh t  t o  be inc iden t  from a denser  medium l i k e  a l i q u i d ,  
on t o  t h e  f i l m  one can inc rease  t h e  s e n s i t i v i t y  cons iderably .  During t h i s  
r e p o r t  per iod pre l iminary  measurements of t h e  angles  A and 4 f o r  a sample 
i n  a l i q u i d  have been c a r r i e d  out.  We have used two e a r l i e r  specimemof 
cleaved s i l i c o n  immersed i n  t o l u o l .  
by t h e  method ( a ) .  
no t i ced  i n  t h i s  type of measurement: 
- -- 
The measurements were made a t  $ = 70" 
However t h e  fol lowing experimental  d i f f i c u l t i e s  were 
1) booth t h e  windows of the  v e s s e l  conta in ing  t h e  l i q u i d  and t h e  ex- 
per imenta l  sample must be exac t ly  perpendicular  t o  t h e  i n c i d e n t  and 
r e f l e c t e d  l i g h t .  I f  t h i s  i s  not t h e  case then  it w i l l  be necessary  t o  a d j u s t  
t h e  r e l a t i v e  o r i e n t a t i o n  of the sample whenever the  l i q u i d  i s  added o r  
d ra ined  out  of t h e  vessel ,  due t o  the  complicated r e f r a c t i o n  of the  l i g h t  
. 
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beam i n s i d e  t n e  v e s s e l .  It i s  necessary f i r s t  t o  a d j u s t  t h e  v e s s e l  so  t h a t  
t h e  l i g h t  beam i s  inc iden t  exac t ly  perpendicular ly  on t h e  en t rance  window 
and goes out  of t h e  v e s s e l  exac t ly  pe rpend icu la r ly  through the  e x i t  window. 
This  i s  done by means of ad jus t ing  the  t a b l e  cf t h e  e l l i p somete r  begore t h e  
measurements s t a r t s .  Then a f t e r  c leaving  the  specimen i n s i d e  t h e  ves5&1 i n  
l i q u i d  it i s  necessary  t o  a d j u s t  t h e  specimen only  by means of t h e  dev ice ,  
ho ld ing  t h e  sample. The t a b l e  of t h e  e l l i p somete r  has  t o  be f ixed  dur ing  
t h e  above adjustment  of t he  specimen. 
2) Often one observes  a d i f f e rence  between t h e  ang le s  A measured i n  
a i r  w i th  and without  t h e  vessel  (For example see  Table V I I I ,  specimen 2 ) .  
Table VI11 
Measurement of' t h e  cleaved s i l i c o n  su r face  i n  pure . toiuol  
Specimen 1 
where measured Q n + 
168.48 12.09 i n  a i r  127.55 
168.64 11.99 i n  a i r  37.55 
166.50 12.43 i n  a i r  i n  37.55 
t h e  v e s s e l  
t he  v e s s e l  
t h e  v e s s e l  
340.48 2.19 i n  t o l u o l  i n  127.55 
346.28 2.36 i n  t o l u o l  i n  37.55 
Specimen 2 
d where measured 
164.52 12.46 i n  a i r  
163.30 12.06 i n  a i r  i n  
371.4 2.20 i n  t o l u o l  
t h e  v e s s e l  
17.12 12.14 i n  a i r  
This  e f f e c t  i s  probably due t o  t h e  poss ib l e  su r face  f i l m  on windows of 
t h e  v e s s e l  and t h i s  w i l l  have much g r e a t e r  i n f luence  i n  t h e  case  when the  
l i g h t  i s  i n c i d e n t  no t  q u i t e  perpendicular ly  t o  the  en t rance  and e x i t  windows. 
3) One n o t i c e s ,  a s  f o r  example i n  specimen ,(2) Table V I I I ,  t h e  angie  
A i n  a i r  i s  d i f f e renb  before  and a f t e r  immersion i n  the  l i q u i d .  Probably 
some f i l m  e i t h e r  of t o l u o l  or of  o ther  m n s t i t u e n t b s  remained on t h e  s i l i c o n  
s u r f a c e ,  even a f t e r  t h e  l i q u i d  has been dra ined  and t h e  sample d r i e d .  
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4) The i n t e n s i t y  of l i g h t  r e f l e c t e d  from t h e  specimen i n  the  l i q u i d  
( t o l u o l )  i s  extremely low so t h a t  only rough es t imate  of t he  angle  A could 
be made i n  our arrangement. 
b e t t e r  than  0.5" implying t h a t  t h e  accuracy of A i s  no t  b e t t e r  t han  1". 
The extremely small i n t e n s i t y  of l i g h t  i n  t h i s  case  occurs f o r  t he  fol lowing 
reasons:  
su r f ace ,  which appears  t o  be the  main c a u s e d  b) t h e  l o s s e s  due t o  r e f l e c t i o n  
on windows and due t o  a s l i g h t  absorptiDn and some s c a t t e r i n g  of l i g h t  i n  
t o l u o l .  
The accuracy of p o l a r i z e r  s e t t i n g  has not  been 
a )  due t o  the  lowered r e f l e c t i v i t y  of t h e  su r face - to luo l - s i l i con  
I n  view of t h e  f a c t s  mentioned above it i s  r a t h e r  d i f f i c u l t  t o  eva lua te  
the  measurements c a r r i e d  out  i n  the  l i q u i d  ( t o l u o l )  . 
i n g  procedure was adopted: From the measuremenk made i n  a i r  it i s  r a t h e r  
easy  t o  eva lua te  the  t r u e  value f o r  t h e  th ickness  of t he  oxide f i l m  on a 
specimen, assuming t h e  index of r e f r a c t i o n  n =l.bC60 f o r  Si02 f i l m .  
used t h e  t a b l e  i n  Appendix I I ( r e f . 9 )  f o r  t h i s  numerical eva lua t ion .  
eva lua ted  the  corregponding va lues  A and f o r  t he  same f i l m  th i ckness ,  f o r  
t h e  measurement i n  to luene  wi th  the  index of r e f r a c t i o n  n = 1.496 from the  
t a b l e s  computed a s  descr ibed i n  the  l a s t  r e p o r t .  This t h e o r e t i c a l l y  enumerated 
valuesof  A and 9 angles  f o r  two specimens a r e  given i n  the  Table IX, along 
w i t h  t h e  experimental ly  measured values  i n  t o l u o l .  








The comparison of t he  experimental  and t h e o r e t i c a l  values  of t he  angles  
A and 9 f o r  S i  wi th  s i l i c o n  dioxide f i l m  i n  to luene .  
Specimen 1 I Specimen 2 I 
experimental  I 343.3 2.27 I 341.4 2.311 
1 
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The agreement between t h e  enumerated and experimental  va lues  i s  q u i t e  good 
when we t ake  i n t o  the  account t h e  f a c t s  mentioned above. The th ickness  of 
t h e  S i 0  f i l m s  f o r  t h e  specimens are: dl = 31.d (specimen 1) and d2 = 44.0; 
(specimen 2 ) .  
(i) t h e  adjustment of t he  system myst be performed extremely c a r e f u l l y  t o  
a s s u r e  t h a t  t h e  l i g h t  beam i s  perpendicular  t o  bo th  the  windows and t h e  
s u r f a c e  of t h e  specimen a t  t h e  same t i m e ;  (ii) it i s  necessary t o  s tudy t h e  
in f luence  of t h e  immersion of the  specimen i n  t h e  l i q u i d  on t h e  q u a l i t y  of 
t h e  su r face ;  (iii) the  l i g h t  i n t e n s i t y  must be increased ,  a t  l e a s t  when 
measurements a r e  performed wi th  the  eye.  
2 
Hence we can conclude on the  b a s i s  of t h e  e x i s t i n g  r e s u l t s :  
DISCUSSION: A s  we had concluded i n  a n  e a r l i e r  paragraph OUT r e s u l t s  con- 
ce rn ing  t h e  ox ida t ion  of cleaved s i l i c o n  su r face  wi th  t h e  o r i e n t a t i o n  (111) 
a r e  q u a l i t a t i v e l y  t h e  same a s  those repor ted  by Archer(4)  f o r  etched su r faces .  
The only  d i f f e r e n c e  i s  the  f a c t  t h a t  our observed r a t e  of ox ida t ion  i s  t h e  
same down t o  t h e  lowest  t imes de tec ted  i n  our experiment wMle t h a t  observed 
by Archer i s  of another  type i n  the  i n t i a l  s t a g e .  The exac t  cause f o r  t h i s  
d i screpancy  i s  not  c l e a r  a t  t h i s  moment and it w i l l  be necessary  t o  c a r r y  out  
i n  f u t u r e  d e t a i l e d  measurements varying s y s t e m a t i c a l l y  a l l  t h e  parameters 
which could cause such a discrepancy, e .g .  impur i ty  concent ra t ion  and t p e  
type  of t h e  i m p u r i t i e s ,  sur face  o r i e n t a t i o n ,  humidity and t h e  exac t  compo- 
s i t i o n  of t h e  ambient e t c .  
Our curves  a r e  i n  reasonable agreement wi th  the  P:lovich(lo) equat ion ,  
dL -BL - = Ae 
d t  
10. S .  Ya . Elovich and C .  M. Zhabrova, Zhur. F i z .  Khim. USSR, - 13 (1939) 
1761, 1775. 
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Archer(4)  could a l s o  r ep resen t  h i s  data  by a s i m i l a r  equa t ion .  
We g e t  a f t e r  i n t e g r a t i o n  
L =  a + b l o g  ( t  - 
There a r e  t h r e e  cons t an t s  i n  the  equat ion (2)  a l l  of which cannot be de te r -  
mined uniquely from our r e s u l t s .  The cons t an t  b can be determined from t h e  - 
experimental  r e s u l t s  bu t  it i s  necessary t o  e s t ima te  t h e  value o f e i t h e r  to or 
a while  t h e  o the r  can then  be determined f r o m t h e  curve.  Le t  us suppose 
- 
- 
t h a t  to = 1 min, which impl ies  t h a t  t h e  equat ion  (2 )  ho lds  only  a f t e r  one 
minute.  To prove t h i s  suggest ion it would be necessary  t o  measure t h i s  
dependence a t  t imes  cons iderably  l e s s  t han  1 minute a f t e r  c leavage i n  a i r .  
But it i s  reasonable  t o  expect  t h a t  j u s t  a f t e r  c l eav ing  the  c r y s t a l  t h e  
ox ida t ion  r a t e  of t h e  sur face  w i l l  of another  type  due t o  t h e  e s s e n t i a l l y  
d i f f e r e n t  mechanism of t h e  i n t e r a c t i o n  between t h e  pure s i l i c o n  su r face  and 
oxygen and then  l a t e r  between the  system c o n s i s t i n g  of s i l i c o n  + s i l i c o n  
d iox ide  (or absorbed or chemisorbed oxygen and t h e  oxygen - even tua l ly  a i r ) .  
It i s  su re  t h a t  up t.0 now we can say  nothing d e f i n i t e  about t h i s  f i r s t  
ox ida t ion  s t age  inmediately a f t e r  t h e  c leaving .  This  p a r t i c u l a r  problem 
h a s  been s tud ied  by Archer "11 i n  u l t r a h i g h  vacuum. I n  s p i t e  of t he  f a c t  
t h a t  t h e  c o r d i t i o n s  under which Archer s tud ied  h i s  dependence were r a t h e r  
d i f f e r e n t  from our s  (h igh  vacuum - t h e  oxygen pressure  was of t he  order  
lo-' mm Hg) it i s  poss ib l e  t o  es t imate  t h a t  a t  l e a s t  s e v e r a l  q u a l i t a t i v e  
f e a t u r e s  w i l l  be s ' l m i l a r  a t  n o r m 1  atmosphere, t oo .  Archer came t o  the  
conclus ion  t h a t  a monolayer of chemisorbed oxygen on cleaved s i l i c o n  
-6 
su r face  i n  h igh  vacuum ( t h e  oxygen pressure  of t h e  order  10 - mm Hg) 
i s  formed r e l a t i v e l y  r a p i d l y  and af te rwards  t h e  process  e i t h e r  of chem.i- 
11. Ai-cher, J. El1:psc~etry i n  t h e  measurements of su r f aces  and t h i n  f i l m s  
( ed .  G .  E .  Pas sag l i a ,  R .  R .  S t ronberg ,  and J. Kruger, Nat iona l  Bureau 
of Standards Miscellaneous P u b l i c a t i o n ) ,  p.  '255. 
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s o r p t i o n  o r  ox ida t ion  i s  very  slow and we can e s t ima te  t h a t  the  dependence 
of t h e  th i ckness  of chemisorbed oxygen f i l m  o r  oxide f i l m  on t ime,  i s  then  
q u a l i t a t i v e l y  d i f f e r e n t .  The th ickness  of t h e  f i r s t  monolayer of chemisorbed 
oxygen i s  es t imated  t o  be 2.5 - 2.8 4 by Archer .  
When we suppose i n  our case  t h a t  to = 1 min. t hen  it i s  poss ib l e  t o  
g e t  from our experimental  r e s u l t s  f o r  t h e  two c r y s t a l s  s tud ied  t h e  fol lowing 
va lues  of t h e  cons tan t  a :  
a = 2.d ( f o r  t he  specimen 1) and a = 2 . d  ( f o r  t h e  specimen 2 ) .  
be emphasized t h a t  t h e s e  va lues  a re  r a t h e r  a r b i t r a r y  ( s i n c e  they  a r e  der ived  
from an  assumed va lues  of t ) but  neve r the l e s s  a r e  q u i t e  reasonable  and a r e  
no t  i n  c o n t r a d i c t i o n  w i t h  our phys ica l  concept ions concerning the  ox ida t ion  




It i s  a l s o  no t  d i f f i c u l t  t o u n d e r s t a n d  t h e  d i f f e r e n c e  between t h e  
ox ida t ion  of e tehed su r faces  on a i r  descr ibed by Archer(4) and the  cleaved 
s u r f a c e s  i n  our case .  It i s  w e l l  known t h a t  t he  etehed su r faces  a r e  always 
covered wi th  some of t he  c o n s t i t u e n t s  of t he  e t chan t  o r  adsorbed water o r  
by a n  oxide f i l m  produced dur ing  t h e  e t ch ing  and which i s  not  qi l i te  d i s -  
so lved ,  e t c .  Therefore  t h e  i n i t i a l  s t age  of t h e  ox ida t ion  must n e c e s s a r i l y  
be d i f f e r e n t  from t h a t  of t h e  cleaved sur face  which i s  p e r f e c t l y  c lean  from 
a chemical po in t  of view immediately a f t e r  t h e  c leaving .  
It i s  necessary  t o  remark t h a t  i n  our cons ide ra t ions  we have supposed 
t h a t  a f i l m  of amorphous s i l i c o n  d ioxide  wi th  index of r e f r a c t i o n  nl = 1.460 
i s  formed on t h e  c l ean  su r face  of S i  wi th  o p t i c a l  cons t an t s  n = 4.050 and 
k = 0.028 f o r  A = 5461 $, , 
t h e  i n i t i a l  s t a g e  when chemisorption or adsorp t ion  e i t h e r  of oxygen o r  water  
vapour takes  p l ace .  It i s  impossible t o  conclude f m m  our experimenkwhether 
th is  8 s s ~ ~ q A i n n  i s t r u e  or  not b u t  neve r the l e s s  t he  f a c t s  t h a t  t h e  value of 
This i s  not  n e c e s s a r i l y  the  case e s p e c i a l l y  i n  
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does not  change s i g n i f i c a n t l y  f o r  t h e  th ickness  of t he  f i l m  up t o  about 
3 9  and t h a t  t he  th ickness  of t he  f i lms eva lua ted  from t h e  measurements a t  
6 = 70: 61.26" and 50" a r e  t h e  same wi th in  t h e  experimental  accuracy support  
our cons ide ra t ion  t h a t  a homogeneous su r face  (oxide)  f i l m  on t h e  cleaved 
s i l i c o n  su r face  has  grown i n  t h e  normal atmosphere. 
A s  f o r  t h e  measurements i n  the  l i q u i d  it i s  p o s s i b l e  t o  come t o  t h e  
fol lowing conclusions: (i) the  experimental  r e s u l t s  agree  very  w e l l  wi th  
t h e  t h e o r e t i c a l  va lues  enumerated on t h e  suppos i t ion ;  t h a t  t he re  i s  a we l l  
def ined boundary between t h e  l i q u i d  wi th  a d e f i n i t e  r e f r a c t i v e  index and t h e  
homogeneous (nonabsorbing) sur face  f i l m  w i th  a d e f i n i t e  r e f r a c t i v e  index.  
(ii) i n  t h e  case of Si02 f i lms  on S i  measured a t  
(or CC14) it i s  convenient t o  use t h i s  method f o r  t he  measurement of very 
t h i n  oxide f i l m s  (approximately f o r  d < 7 9  i n  to luene  and d 
For g r e a t e r  th icknesses  the  s e n s i t i v i t y  of t h i s  method i s  much lower (A 
/ 
= 5461 i n  to luene  
12 i n  C C 1 4 ) .  
depends on d only sl ight&)and it i s  not  convenient t o  use t h e  dependence - 
= f ( d )  a s  w e l l  f o r  t h e  thickness  determinat ion i n  t h i s  case,because it i s  
a l s o  not  t oo  s e n s i t i v e  on one hand and it i s  r a t h e r  dependent on t h e  t r u e  
va lues  of t h e  index of r e f r a c t i o n  of t he  f i l m  and of l i q u i d  ( r e l a t i v e l y  much 
more than  A ) .  
4. THEORETICAL 
Ul t r ac l ean  su r faces  of s i l i c o n  can be prepared by c leaving  s i l i c o n  i n  
a n  i n e r t  l i q u i d  l i k e  carbon t e t r a c h l o r i d e  and t h e  s t u d i e s  on t h e  oxida t ion  
k i n e t i c s  can be c a r r i e d  out  by bubbling oxygen through the  l i q u i d  ana 
fol lowing t h e  changes i n  A and $. 
l i q u i d  on t o  the  su r face  of the  f i l m .  The r e f r a c t i v e  index of t he  l i q u i d  
can o f t e n  be g r e a t e r  thah  the  r e f r a c t i v e  index of t he  f i l m ,  a s  indeed i s  
t h e  case  of CC14 (or Toluol) and Si02 f i i m  corr~'uli?atloz. 
I n  such a case l i g h t  i s  inc iden t  from the  
Wher! the  f i r s t  
. 
. 
medium i s  denser  t han  t h e  f i l m  we have t o  cons ider  two p o s s i b i l i t i k s  
(i) when t h e  angle  of incidence 8, i s  less  than  t h e  c r i t i c a l  angle  $dc 
and (ii) when t h e  angle  of incidence 8, i s  g r e a t e r  than  t h e  c r i t i c a l  angle  
dc.  
(Vide,  r e f .  5, p. 15 e t  seq) . 
s i d e r a b l e  inc rease  i n  s e n s i t i v i t y  can be a t t a i n e d  by working near  t h e  
c r i t i c a l  ang le .  
Both these  cases  have been d e a l t  w i th  i n  d e t a i l  i n  t h e  l a s t  r e p o r t ,  
It was shown t h a t  i n  the  f i r s t  case a con- 
For tk second case  when l i g h t  i s  i n c i d e n t  on t h e  f i l m  a t  a n  ang le  
g r e a t e r  than  t h e  c r i t i c a l  ang le ,  the t h e o r e t i c a l  express ions  f o r  t h e  
parameters of t h e  e l l i p t i c a l l y  polar ized  r e f l e c t e d  l i g h t  were der ived  i n  the  
l a s t  r e p o r t .  
computer and t h e  important f e a t u r e s  of  t h e  r e s u l t s  a r e  d iscussed  below. 
Before doing so  we should cail l  a t t e n t i o n  t o  a typographica l  e r r o r  i n  Equation (7) 
on page 1.9 of t h e  l a s t  r e p o r t .  This equat ion  should read a s  
Deta i led  numerical  computations have now been made w i t h  TBM 7074 
I n  what fol lows X '  s h a l l  be designated by small  d e l t a  . Fig .  5 shows 
t h e  v a r i a t i o n  of A a s  a func t ion  of €I f o r  var ious  angles  of incidence beyond 
t h e  c r i t i c a l  angle ,  f o r  l i g h t  w i t h  a r e f r a c t i v e  index 
1.m on t o  a f i l m  of r e f r a c t i v e  index 1.100 on s i l i c o n .  F i g .  6 shows t h e  
v a r i a t i o n  of A wi th  f o r  var ious  ang le s  of incidence.  Here t o l u o l  i s  t h e  
l i q u i d  medim wi th  8 r e f r a c t i v e  index 1.496 on t o  a f i l m  o f  r e f r a c t i v e  index 
1.460, t h e  r e f r a c t i v e  index of v i t r e o u s  s i l i c a .  
v a r i a t i o n  of A a s  a func t ion  of 
medium being t o l u o l .  I n  t h i s  case t h e  f i l m s  on t h e  s i l i c o n  su r face  have 
d i f f e r e n t  r e f r a c t i v e  ind ices  varying from 1.100 t o  1.460. 
t h e  r eg ion  of 6 from 0 t o  40" i s  shown on an enlarged s c a l e .  
i nc iden t  fran C C 1 4  
F i n a l l y  F ig .  7 shows t h e  
f o r  a n  angle  of incidence 89", t h e  l i q u i d  
I n  F igs .  6 and 7 




















8 .  
c l u s ions  t o  be drawn from a s tudy of these  f i g u r e s  a r e :  (i) the  o v e r a l l  
s e n s i t i v i t y  i n  t h i s  technique i s  poor compared t o  t h a t  when t h e  angle  of 
incidence (do i s  l e s s  than  the  c r i t i c a l  angle  $d . 
t akes  p lace  f o r  
, 
(ii) All t h e  change i n  A 
C 
l e s s  than 80" .  For l a r g e r  va lues  of 6, i n  o the r  words 
f o r  l a r g e r  th ickness  of t h e  films, t h e r e  i s  almost no change i n  A. This  
i s  a s  it should be,  because i n  t h e  phenomenon of t o t a l  i n t e r n a l  r e f l e c t i o n  
the  d is turbance  which pene t r a t e s  t he  f i l m  decays exponent ia l ly  and hence 
inc reas ing  t h e  f i l m  th ickness  beyond a c e r t a i n  value w i l l  have no e f f e c t .  
(iii) A comparison of F i g s .  5 and 6 r e v e a l s  a decrease i n  s e n s i t i v i t y  wi th  
inc reas ing  c r i t i c a l  ang le .  
t h e  c r i t i c a l  angle  the  s e n s i t i v i t y  inc reases  i n i t i a l l y ,  and then s t a r t s  t o  
( i v )  A s  t h e  angle  of incidence i s  increased from 
decrease  . This i s  seen i n  F ig .  5 .  
The f i n a l  conclusion from t h e s e . s t u d i e s  i s  t h a t  it i s  not  advantageous 
t o  work wi th  angles  of incidence g r e a t e r  than t h e  c r i t i c a l  angle .  On the  
o t h e r  hand the  most advantageous technique would be t o  use a l i q u i d  medium 
of f a i r l y  h igh  r e f r a c t i v e  index and work a t  an  angle  of incidence s l i g h 2 l y  
l e s s  than the  c r i t i c a l  ang le .  
The above r e s u l t s  form t h e  sub jec t  mat te r  of a paper t h a t  w i l l ' b e  
presented a t  t he  American Phys ica l  Soc ie ty  meeting a t  Chicago, Ill. i n  
March 1967. 
5 .  CONCLUSIONS 
The r a t e  of ox ida t ion  i n  a i r  of f r e s h l y  cleaved s i l i c o n ,  a f t e r  t h e  
i n i t i a l  t ake  up reg ion ,  can be expressed by t h e  Elovich equat ion.  Fu r the r  
experiments a r e  necessary before  one can formulate  the  r a t e  of ox ida t ion  
i n  t h e  i n i t i a l  s t ages .  It, i s  d e f i n i t e l y  more advantageous t o  c a r r y  out  
t he  e l l i p somete r  measurements on the  k i n e t i c s  of ox ida t ion ,  wi th  a l i q u i d  
a s  t he  f i rs t  medium and working a t  an angle  of incidence s l i g h t l y  less than 
t h e  c r i t i c a l  angle .  
I t  
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6. PERSONNEL 
Besides the  P r i n c i p a l  I n v e s t i g a t o r ,  K .  Vedam, Assoc ia te  P ro fes so r  of 
S o l i d  S t a t e  Science,  t h e  fol lowing persons have been working on t h i s  p r o j e c t .  
Dr. V. Prosser :  Senior  Research Assoc ia t e ,  1/4 time till 
September 30, 1966 
Dr. F. Lukes: Senior  Research Assoc ia t e ,  s ince  October 1, 1966 
Dr. Lukes has been a col league and co l l abora to r  of 
t h e  l a t e  Professor  A .  Vasicek, poss ib ly  t h e  g r e a t e s t  
a u t h o r i t y  on e l l ipsometry .  H i s  a r r i v a l  here  has  cer- 
t a i n l y  provided a g r e a t  impetus t o  t h i s  p r o j e c t .  
Graduate A s s i s t a n t ,  1/2 time Mr. R .  Rai: 
M r .  J. Labenski: Technician - 1/2 time 
Dr. R.SYihivasan:Senior Research Assoc ia te ,  even though not  supported 
by t h i s  agency has continued h i s  uns t in&ing h e l p  and 
a s s i s t a n c e  i n  the  t h e o r e t i c a l  a spec t s  of t h i s  p r o j e c t .  
